Photocatalytic conversion of biomass is a potentially transformative concept in renewable energy. Dehydrogenation and hydrogenolysis of biomass-derived alcohols can produce renewable fuels such as H 2 and hydrocarbons, respectively. We have successfully used semiconductor-metal heterostructures for sunlightdriven dehydrogenation and hydrogenolysis of benzyl alcohol. The heterostructure composition dictates activity, product distribution, and turnovers. A few metal (M = Pt, Pd) islands on the semiconductor (SC) surface significantly enhance activity and selectivity and also greatly stabilize the SC against photoinduced etching and degradation. Under selected conditions, CdS-Pt favors dehydrogenation (H 2 ) over hydrogenolysis (toluene) 8:1, whereas CdS 0.4 Se 0.6 -Pd favors hydrogenolysis over dehydrogenation 3:1. Photochemically generated, surface-adsorbed hydrogen is useful in tandem catalysis, for example, via transfer hydrogenation. We expect this work will lead to new paradigms for sunlight-driven conversions of biomassrelevant substrates.
S olar-to-chemical energy conversion of biomass is a potentially transformative concept in renewable energy. Photocatalytic water splitting has been studied for many years. Without stoichiometric or "sacrificial" agents, known photocatalysts split water to molecular hydrogen, H 2 , and oxygen, O 2 , under visible light with up to 6 to 7% quantum yield (QY) ( 1 / 2 H 2 per photon). 1−5 Biomass, an overlooked photocatalysis target, is an abundant source of alcohols in the form of carbohydrates and polyols such as cellulose, starch, and glycerol. 6, 7 Photocatalytic dehydrogenation 8−13 and hydrogenolysis of biomass-derived alcohols can produce renewable fuels such as H 2 or hydrocarbons, respectively. 14, 15 Like water splitting, these reactions are endergonic (ΔG RT > 0), but unlike water splitting, they require much less energy (Scheme 1). Using sunlight to achieve these transformations can revolutionize the field of H 2 16,17 and hydrocarbon 18, 19 fuel production and biomass conversion. 20, 21 Semiconductor-metal (SC-M) heterostructures are ideal photocatalytic materials; 22−26 they become redox-active upon illumination and remain redox-active after dark storage for several hours. 27 The semiconductor strongly absorbs light, and the metal collects photogenerated charges. Tuning heterostructure spatial composition can impact the ability to engineer and direct energy flow on the nanoscale. 28 We recently demonstrated that certain synthetic conditions allow deposition of M (Pt, Pd) nanoparticles on CdS 1−x Se x (0 < 1 < x) nanorods with high selectivity. 29 M photodeposition occurs on specific segments of compositionally graded CdS 0.4 Se 0.6 nanorods due to the band gap differential between CdSe-rich and CdS-rich segments. 30 Here we demonstrate photocatalytic alcohol dehydrogenation and hydrogenolysis driven by visible sunlight using such heterostructures.
Under a dry nitrogen atmosphere, semiconductor-metal photocatalysts were dissolved in anhydrous deuterated benzene (C 6 D 6 ) to give optical densities (ODs) of 0.4 at 470 nm for CdS-M or 0.2 for 690 nm for CdS 0.4 Se 0.6 -M (M = Pt, Pd). Stock solutions were kept in the dark for at least >12 h prior to catalytic experiments. In the dark, photocatalyst stock solution (0.1 mL), benzyl alcohol (PhCH 2 OH) (40 mg, 370 μmol), and C 6 D 6 (0.4 mL) were added to an oven-dried NMR tube. The tube was capped with a septum and sealed with Parafilm. The mixture was exposed directly to sunlight or lamp illumination in a Rayonette photoreactor and analyzed by NMR and GC. Figure  1 ). After 2 days under sunlight, the main product was H 2 when CdS-Pt was used and toluene when CdS-Pd was used (entries 1−2, Table 1, Figure 2 ). In contrast, little selectivity was observed with unmodified CdS nanorods (entry 4, Table 1 ). Reactions run under sunlight with CdS 0.4 Se 0.6 -Pt and CdS 0.4 Se 0.6 -Pd favored toluene, although they were less selective than CdS-Pd (entries 7−8, Table 1, Figure 2) . No H 2 and negligible amounts of PhCHO and PhCH 3 were detected for over a week when reactions were carried out in the presence of SC-free, unbound Pt or Pd nanoparticles ( Figure  1b) . 29 Photocatalytic experiments were also carried out inside a fancooled Rayonette photoreactor. Unlike the intermittent and cyclical nature of direct sunlight illumination, lamp irradiation provides a constant stream of photons for a more controlled photocatalytic environment. Photoreactors also better mimic the higher intensity conditions more likely to be used in some industrial photocatalysis technologies, for example those using solar concentrators. Measured intensities in a 16 × 12-in lamp reactor were 136 W/m 2 for 350 nm lamps and 43.6 W/m 2 for 575 nm lamps. This is 5-to-2 times stronger than the daily zenith (max.) intensity of 26 W/m 2 recorded under direct sunlight in Ames, IA (Jan.-Jul., 42°2′5″N Lat., 294 m altitude).
Photocatalytic experiments run under 350 nm lamp illuminations for CdS-M or under 575 nm lamp illumination for CdS 0.4 Se 0.6 -M (M = Pt, Pd) greatly increased the rates of product formation by a factor of 10-to-15 (entries 7−8, 9−10, Table 1 ). In the case of CdS-Pd, switching from sunlight to 350 nm lamp illumination also altered relative distribution of PhCHO, PhCH 3 , and H 2 products from 1:3:0 to 1:2:2, respectively (entries 2 vs 6, Table 1, Figure 2 ). We believe this is a consequence of the interplay between the rates of charge transfer (redox) involved in the two photocatalytic reactions and the rate of exciton generation and trapping by different M "islands" on the SC surface. In the case of CdS 0.4 Se 0.6 -M (M = Pt, Pd) heterostructures, the main product remained PhCH 3 regardless of M or light source used (entries 6−10, Table 1 ).
Critically, SC-M heterostructures are much more stable photocatalysts compared with unmodified SC nanorods. Figure  3 shows UV/vis absorption and TEM data obtained before and after photocatalytic runs with CdS-Pt and CdS. Under continuous illumination, CdS-Pt heterostructure solutions retained their activity and color for several days; in contrast, CdS nanorod solutions became inactive. Their color bleached and completely faded away within a few days (Figure 3a,b) . This is evident in the sharp drop in H 2 photoproduction for pure CdS after 3 days in Figure 1b . Transmission electron microscopy (TEM) revealed CdS-Pt heterostructures roughly c Turnover numbers (TON) (±8%) and TON/h are two run averages; products were quantified using NMR (organics) and GC (organics and H 2 ). retained their overall morphology and composition ( Figure  3c ,e), whereas CdS nanorods quickly dissolved and etched away during the same period (Figure 3d,f) . Thus, the presence of surface-bound M (Pt, Pd) "cocatalyst" particles not only enhances photocatalytic activity and determines product selectivity but also greatly stabilizes SC (CdS) nanorods against photoinduced etching and degradation. We believe this behavior is due to major electronic structure differences between SC-M and SC photocatalysts. UV−vis absorption shows that the fine structure of CdS disappears upon Pt loading (Figure 3a vs b, red traces) . This behavior is similar to chemically and electrochemically induced 1S peak "bleaching", 34, 35 and is consistent with a significant degree of electron transfer between Pt and CdS.
36−38 II−VI SC photoetching under photocatalytic conditions is thought to stem from anion (S 2− ) oxidation. Therefore, the observation that CdS-Pt is less susceptible to photoetching compared with CdS could, in principle, be explained by electron injection from the Pt islands into the conduction band of CdS, effectively creating an ndoped SC. However, more research is needed to confirm or refute this hypothesis. Other known SC photocatalyst stabilizers include sacrificial hole scavengers such as Na 2 S/ Na 2 SO 3 . These additives enhance the population and lifetime of trapped electrons, resulting in faster H 2 evolution rates (from water). 39 The precise amount of M loading has a major effect on photocatalytic activity. Under direct sunlight illumination for 2 days, decreasing M loading from 2.9 ± 1.5 to 1.6 ± 0.8 Pd particles per CdS nanorod 29 increased the amounts of PhCHO and PhCH 3 produced by 4 and 660 times, respectively (a one to three order of magnitude enhancement!) (entries 2−3, Table 1 and Figure 4 ). This agrees with prior literature observations for water photosplitting, 40−42 where excess metal cocatalyst loading is actually detrimental to photocatalytic activity.
As shown in Scheme 2c, our combined results strongly indicate the existence of two photocatalytic pathways starting from benzyl alcohol. One pathway favors alcohol dehydrogenation and produces benzaldehyde, PhCHO, and molecular hydrogen, H 2 ; the other pathway favors alcohol hydrogenolysis and produces toluene, PhCH 3 , and molecular oxygen, O 2 . Both pathways are thermodynamically uphill but also much less energetically demanding compared with water photosplitting (Scheme 2c). Production of PhCH 3 (hydrogenolysis) is easier (requires less energy) starting from PhCHO (69 kcal/mol) than from PhCH 2 OH (135 kcal/mol) (Scheme 2c). Evidence to support a two-step dehydrogenation-hydrogenolysis pathway for toluene formation stems from mechanistic experiments. Using isotopically labeled benzyl alcohol-α,α-D 2 , PhCD 2 OH as a photocatalysis substrate leads to the formation of deuterated benzaldehyde-D, PhCDO, as observed by 2 H (D) NMR. Also, heating PhCH 3 in the presence of SC-M heterostructures and air (O 2 ) to 50°C in the dark for 8 h gave both PhCH 2 OH and PhCHO, which corresponds to the thermal reverse of hydrogenolysis and dehydrogenation reactions (Scheme 2c). 43 Additional reactions occur during certain conditions: For example, pinacol coupling products (PhCOCOPh) were observed by GC-MS and may account for the excess H 2 relative to PhCHO produced with CdS 0.4 Se 0.6 -M (entries 7− 10, Table 1) .
We explain the different selectivity between SC-Pt (favors H 2 ) and SC-Pd (favors PhCH 3 ) based on the known reactivity of Pt and Pd surfaces. Pd is known to strongly adsorb hydrogen atoms ("protons") and promote reduction reactions. 44 Thus, H 2 gas produced during dehydrogenation quickly adsorbs onto the Pd surface, forming Pd−H reduction sites for the conversion of benzaldehyde (PhCHO) to toluene (PhCH 3 ). Our initial photocatalytic studies were conducted under anaerobic (air-free) conditions to avoid potential oxidation (combustion) of H 2 in the presence of O 2 from air (thermal 
Scheme 2. Alcohol Dehydrogenation versus Hydrogenolysis
The Journal of Physical Chemistry Letters In summary, we have shown semiconductor-metal (SC-M) heterostructures are active catalysts for room-temperature photochemical dehydrogenation and hydrogenolysis of an alcohol. These reactions produce hydrogen and alkane, are only driven by light, and proceed with TONs upward of 10 000. The precise photocatalyst structure and composition determine activity and selectivity. Under selected conditions, CdS-Pt favors dehydrogenation (H 2 ) over hydrogenolysis (toluene) 8:1, whereas CdS 0.4 Se 0.6 -Pd favors hydrogenolysis over dehydrogenation 3:1. Critically, a few metal (M = Pt, Pd) islands on the SC surface significantly enhance activity and selectivity and greatly stabilize the SC against photodegradation. This all-inorganic, additive free approach may make industrial-scale photocatalytic conversions possible. Photochemically generated, surface-adsorbed SC-Pd-H equivalents are useful synthetic intermediates in tandem catalysis via transfer hydrogenation. We are now investigating photocatalytic biomass conversions in flow. We expect this work will lead to new paradigms for sunlight-driven conversions of biomass into useful renewable fuels and chemicals. 
